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Perspective

Three independent lines of evidence suggest retinoids as causal

to schizophrenia
Ann B. Goodman

Statistical Sciences and Epidemiology Division, Nathan S. Kline Institute for Psychiatric Research, Orangeburg, NY 10962

ABSTRACT Retinoid dysregulation may be an important
factor in the etiology of schizophrenia. This hypothesis is
supported by three independent lines of evidence that trian-
gulate on retinoid involvement in schizophrenia: (i) congenital
anomalies similar to those caused by retinoid dysfunction are
found in schizophrenics and their relatives; (i7) those loci that
have been suggestively linked to schizophrenia are also the loci
of the genes of the retinoid cascade (convergent loci); and (iii)
the transcriptional activation of the dopamine D2 receptor
and numerous schizophrenia candidate genes is regulated by
retinoic acid. These findings suggest a close causal relation-
ship between retinoids and the underlying pathophysiological
defects in schizophrenia. This leads to specific strategies for
linkage analyses in schizophrenia. In view of the het-
erodimeric nature of the retinoid nuclear receptor transcrip-
tion factors, e.g., retinoid X receptor 3 at chromosome 6p21.3
and retinoic acid receptor B at 3p24.3, two-locus linkage
models incorporating genes of the retinoid cascade and their
heterodimeric partners, e.g., peroxisome proliferator-
activated receptor a at chromosome 22q12-q13 or nuclear-
related receptor 1 at chromosome 2q22-q23, are proposed.
New treatment modalities using retinoid analogs to alter the
downstream expression of the dopamine receptors and other
genes that are targets of retinoid regulation, and that are
thought to be involved in schizophrenia, are suggested.

Schizophrenia is now generally considered to be a neurode-
velopmental disorder with first evidence of the disorder oc-
curring in the midgestational period in utero (1). This is the
period when the fetal brain and its neuronal structure is
actively developing (2). Vitamin A (retinoid), an essential
nutrient involved in gene regulation and expression (3), is
particularly active in brain neurodevelopment during this
period (4-38). Previously, I have suggested that dysregulation
by retinoids may be an important factor in the etiology of
schizophrenia (9-12).

Retinoid-Related Anomalies in Schizophrenic Pedigrees

The first line of evidence firmly connecting retinoids to
schizophrenia is that retinoid toxicity or deficit has repeatedly
been shown to result in symptom presentations that, though
more severe in extent, resemble the stigmata of schizophrenia,
e.g., thought disorder, mental deficit, enlarged ventricles,
agenesis of the corpus callosum, microcephaly, and a variety of
major and minor congenital malformations, among which
craniofacial and digital anomalies are prominent. Such defects
have been frequently reported among schizophrenic samples
(for review, see ref. 11). A recent study demonstrated signif-
icantly higher rates of these abnormalities in the extended
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pedigrees of schizophrenic probands, as compared with
matched control pedigrees (11). Occurrence in both probands
and their relatives supports the importance of genetic as well
as environmental factors as a basis for the familial clustering
of these retinoid-related anomalies (9, 11). Many insults, both
genetic and epigenetic, and including nutritional or viral, could
result in this variety of anomalies. However, as the documen-
tation of the prominent role of retinoids in the development of
the central nervous system continues to expand, the possibility
of retinoid involvement in schizophrenia is strengthened.

Convergence of Retinoid Loci and Schizophrenia Loci
(Convergent Loci)

Genetic linkage data now support the evidence from family
history, twin, adoption (13), and epidemiologic studies (14)
that schizophrenia is a complex non-Mendelian illness with a
strong genetic component. A second line of evidence impli-
cating retinoids in the genetic etiology of schizophrenia comes
from studies that have identified specific replicable loci that
have been suggestively linked to schizophrenia (13). The
common factor among these promising schizophrenia loci is
that they are known loci of genes within the retinoid signaling
system or metabolic cascade. This approach of identifying
overlapping disease and metabolic loci (convergent loci) pro-
vides a technique for discovering the molecular basis for a
disease.

Retinoids are handled within the body by a complex genetic
cascade involving metabolic pathways that transform environ-
mental or maternal sources of beta carotene, retinyl, and
retinol into the final products of the retinoid cascade, the
retinoic acids. Retinoic acids are powerful morphogens, and by
activating specific transcription factors various forms of reti-
noic acid, e.g., all-trans-retinoic acid and 9-cis-retinoic acid,
regulate the expression of numerous target genes (15). The
cascade is complicated by the involvement of other nuclear
heterodimeric partners and their ligands. Some of these part-
ners are liganded by environmental agents other than retinoid-
containing nutrients, particularly pesticides and plasticizers,
which are themselves then involved in the complex retinoid
signaling pathway (16). This complicated pathway is thus
susceptible to multiple epistatic interactions with environmen-
tal sources, including viruses. Many viral genomes possess
DNA motifs, which in eukaryotes activate retinoid-responsive
genetic transcription (17).

The enzymatic proteins in the retinoid cascade are lipopro-
tein lipase (LPL), involved in the reversible catalysis of retinyl
ester to retinol (18); the alcohol dehydrogenases, involved in
the reversible conversion of retinol to retinal, the rate-limiting
step; and the aldehyde dehydrogenase (ALDH) and cyto-

Abbreviations: LPL, lipoprotein lipase; ALDH, aldehyde dehydroge-
nase; TTR, transthyretin; RAR, retinoic acid receptor; RXR, retinoid
X receptor; NURRI, nuclear-related receptor 1; PPARs, peroxisome
proliferator-activated receptors; RARE:s, retinoic acid receptor re-
sponse elements; DRD2, dopamine D2 receptor; GAD, glutamic acid
decarboxylase.
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chrome P450 enzymes, involved in the irreversible catalysis of
retinal to retinoic acid, and, in the case of the cytochrome
P450s, to the degradation of retinoic acid by hydroxylation
(19-22). Transporter and binding proteins include the four
cellular retinol-binding proteins; the two cellular retinoic
acid-binding proteins; the cellular retinaldehyde-binding pro-
tein; and transthyretin (TTR), which transports bound retinol
across the choroid plexus into the brain (for reviews, see ref.
3).

The major genes in the retinoid cascade are the transcription
factors, which are the nuclear retinoid receptors, retinoic acid
receptor (RAR)e, -B, and -y and retinoid X receptor (RXR)a,
-B, and -7y (15). These transcription factors act either alone or
together with heterodimeric partners, in particular nuclear-
related receptor 1 (NURR1) and the peroxisome proliferator-
activated receptors (PPARs). These heterodimeric partners,
using the morphogen 9-cis-retinoic acid, interact primarily with
the RXRs (16).

The locus of RXRpB is 6p21.3. The locus of PPAR« is
22q12-q13.1. Commonly occurring translocations at 22ql2
involve the 9q34 locus of RXRa. The locus encoding LPL, a
protein highly expressed in the hippocampus of newborn rats
(23) is 8p22. How do these loci relate to those linked to
schizophrenia?

Within the past 2 years replicated linkage of schizophrenia
to three chromosomal loci, 6p22-6p21.1, the locus of RXRp
and PPARS; 22q12-q13, the locus of PPAR« and CYP2D6; and
8q22-q23, the locus of LPL, has been reported (24—40). Other
loci of retinoid cascade genes also have demonstrated positive,
but weaker, statistical associations with schizophrenia (41-55)
(Table 1). However, none of the above loci have been consis-
tently linked to schizophrenia, because in each case negative
findings have been reported (for reviews, see refs. 13, 37, 56,
and 57). In most cases the statistical significance of these

Table 1. Convergence of retinoid gene/heterodimeric partner loci
and schizophrenia linkages (convergent loci)

Schizophrenia
Retinoid locus Gene linkage ref(s).*
6p21.3 RXRB 24-29, 40
CYP21
6p21.2-p21.1 PPARS
22q12-q13.1 PPARa 30-37
CYP2D6
8p22 LPL 25, 29, 38, 39
3p24 RARB 38, 54
PPARy
3p24.3 THRB
2q22-q23 NURRI 25,41, 42
D25142 at 2q22-q23
1922-q23 RXRy 43
1q21 CRABP2
17q12-q21 RAR« 25, 44
THRo
11923.3 LXR 45, 46%, 47
DRD?2 and 5HT3 at 11q23
3q21-q22 RBPI 25, 48-50
DRD3 at 3q13.3
adjacent to 3q21
3q21 RBP2 25, 48-50
9g21 ALDHI1 25,51, 52
12q24.2 ALDH?2 25
18q11.2-12.1 TTR 53,1 55

Retinoid loci not linked to schizophrenia (to date): 9q34.3 (RXRa);
12q13 (RARg); 10q11.2 (CRPB3); 10q23-q24 (CRBP4); 15q22-qter
(CRABPI); and 15q26 CRLBPI.

*Schizophrenia linkage or allelic association studies or karyotyping
defects significant at locus.
Bipolar.
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studies has been no more than suggestive of linkage or
association (13). As a result, to achieve higher power for
linkage statistics, several groups have joined into consortiums
to study pooled samples using increasingly saturated linkage
markers concentrated at these loci. At the most recent meeting
of the World Congress on Psychiatric Genetics in October
1997, workshops addressing these three chromosomes in re-
lation to schizophrenia were established, and the reports of
these workshops are presently in preparation.

However, schizophrenia is not well specified by single-locus
models. Particularly in the case of retinoids, the nature of
transcription requires a heterodimeric element that recognizes
two different DNA motifs. Single-locus models do not fit the
biological activity of the retinoid nuclear receptors (16). For
this reason, additional attempts to augment single-locus mod-
els by increasing sample size or by using more markers may
continue to be only marginally productive. Rather, two-locus
models could be employed, pairing the genes for retinoid
receptors or their flanking markers with their necessary het-
erodimeric partners. If retinoids are, indeed, involved in the
genetics of schizophrenia, using a two-locus strategy would
increase the odds of demonstrating this underlying molecular
cause.

A case in point is the recent discovery that the nuclear
transcription factor, NURRI, in heterodimeric tandem with
RXR, is unequivocally necessary for the expression of dopa-
minergic neurons in the midbrain region of NURR1-knockout
mice (58). Dopamine neurons in the midbrain have been
implicated by numerous studies as abnormal in schizophrenia
(for reviews see refs. 59-62). NURRI (also known as NOT)
is mapped between D2S284 and D2S142. D25142 is at chro-
mosome 2q22-q23. A karotyping anomaly has been associated
with schizophrenia near this locus (41) and the D2S742 marker
has been suggestively linked to schizophrenia in an Icelandic
isolate (25), but proof of the linkage has not been convincingly
demonstrated (42). ALDHI expression is also lacking in the
dopamine-expressing regions of NURR1-knockout mice. Be-
cause ALDH1 and RXR are important for retinoic acid
synthesis (6, 16), Zetterstrom et al. (ref. 58, p. 249) suggest that
“retinoids may activate RXR-NURRT1 heterodimers in devel-
oping dopamine neurons.” Despite weak evidence for linkage
of schizophrenia to the 2q22 locus of NURRI, the finding of
the lack of midbrain dopamine neurons in NURR1-knockout
mice strongly implicates NURRI1 and its heterodimeric part-
ner, RXR, in the etiology of schizophrenia.

The biochemical connection between retinoic acid and
schizophrenia is made via the dopamine system. The genetic
connection is that the locus of RXRp is at 6p21.3 and RAR is
at 3p24.3. Both of these loci have been suggestively linked to
schizophrenia (24-29, 38, 54). RXR has been termed the
“master regulator” of retinoid transcription (ref. 16, p. 841). In
line with the above explication that retinoid transcription
requires heterodimeric partners, the linkage findings at the
6p21.3, 3p24.3, and 2q22-q23 loci may be improved if markers
at the loci flanking the retinoid nuclear receptors and the
NURRI1 heterodimer were modeled simultaneously (i.e.,
RXRB-RARB, RXRB-NURRI, RARB-NURRI).

Expression of Schizophrenia Candidate Genes Is Regulated
by Retinoic Acid

The third line of evidence relates the targets of retinoid
regulation to numerous schizophrenia candidate genes. Reti-
noic acid regulates target genes by combining with RARs and
RXRs, which control transcription of these targets. After
activation in the presence of retinoic acid, these receptors bind
to specific DNA sequences within the promoter—enhancer
regions of target genes. These DNA motifs are known as
retinoic acid response elements (RAREs or RXREs).
Through this mechanism retinoic acid receptors and their
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partners regulate the expression of multiple target genes. The
regulation in the expression of these target genes results in
changes in cell function that produces normal or abnormal
physiological states (15).

Among the many genes and molecules shown to be the
targets of retinoic acid transcriptional regulation are dopamine
(63) and dopamine receptors (64, 65). In addition, serotonin
(66, 67), glutamate receptors (68, 69), tyrosine hydroxylase and
dopamine B-hydroxylase (70, 72), nicotine receptors (76),
choline acetyltransferase (70-74, 77-79), arachidonic acid
(80), and phospholipase A2 (81, 82) are retinoid targets
proposed as a candidates in schizophrenia. Other schizophre-
nia candidate genes and molecules regulated by retinoic acid
include: amyloid precursor protein (83), microtubule-
associated protein 2 (tau) (83), c-fos (84), c-jun (85), ciliary
neurotropic/leukemia inhibitory factor (86, 87), N-methyl-D-
aspartate receptors 1 and 2B (88), & opioid receptor (88),
y-aminobutyric acid type A receptor (89), growth-associated
protein 43 (90), interleukin 2 receptors « and B (91), neuro-
filament 66 (92), neurofilament light (92), oxytocin (75, 93, 94),
and protein kinase Ca and - (95, 96).

Considering the vast capacity for retinoids to regulate
numerous target genes involved in neurodevelopment (63-96),
what are the possibilities for narrowing retinoid function
specifically to schizophrenia? Retinoid regulation specific to
schizophrenia should occur through receptor-mediated signal-
ing involving crosstalk between the retinoid receptors and
receptors involved in schizophrenia, particularly the dopamine
receptors. The temporal appearance of the dopamine recep-
tors in the developing brain at a time of high retinoid activity
(6) provides the necessary window of receptivity for retinoid
regulation of these schizophrenia candidates.

Recent reports from three different laboratories working on
the dopamine D2 receptor (DRD2) promoter provide major
support for the role of retinoid regulation of dopamine recep-
tors in schizophrenia. The promoter region of the DRD2 gene
has been sequenced (97), and in a Japanese sample this region
demonstrates a functional polymorphism significantly associ-
ated with schizophrenia (98). Most importantly, Chambon and
coworkers (64) have demonstrated that this region contains a
functional RARE/RXRE DNA motif sequence that regulates
the expression of DRD?2 in the dopaminergic cells in mesen-
cephalic neurons. RAR-RXR double null mutants, but not
RAR or RXR single mutants, display aberrant locomotive
behaviors and dopamine signaling (99). These new findings
clearly relate retinoid-regulated genetic transcription to con-
trol of the expression of dopamine receptors, “the most
obvious candidate genes in schizophrenia” (ref. 56, p. 128).

Numerous genes are involved in the exquisitely complicated
and sensitive activation of the retinoid signaling cascade to
ensure the control and fine tuning of the expression of target
genes (2). These genes are situated throughout the genome
(Table 1), activating target genes (see above) located on many
different chromosomes. But it appears that, because the genes
are highly conserved across phyla, the various loci of retinoid
transcriptional regulators contain not only the transcription
factors themselves, but also several of their retinoid target
genes (10). Locus of control or operon-like functioning has
been proposed for chromosomal regions containing retinoid-
regulated genes (78, 100, 101); therefore, perturbation of the
chromatin structure (102) in areas under retinoid control may
disrupt the expression of many interrelated genes that are part
of the retinoid signaling system and its regulated targets,
absenting any mutation in the genes in question (10). Chro-
mosomal perturbation has been suggested in relation to an
expanding trinucleotide repeat identified in a large Danish
schizophrenia pedigree (103). This expanding repeat is near
the locus of the retinol transport protein, TTR, a crucial
protein in the retinoid cascade (104). TTR represents 25% of
all protein made in the cerebrospinal fluid and contained in
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the brain ventricles and is a major transporter of retinoid
across the choroid plexus into the brain (10, 105, 106). The
18q12 locus containing TTR has very recently been linked to
both bipolar illness (53) and schizophrenia (55). Determina-
tion of TTR expression, as well as the expression of other
schizophrenia candidates in this pedigree, will be of interest.

Future Directions

I have suggested that retinoid dysregulation may be responsi-
ble for the altered expression of glutamic acid decarboxylase
(GAD) neurons found in schizophrenic brains, because a
RARE motif has been identified in the promoter region of a
murine GAD (12). Human GAD3 is at the chromosome 22q13
locus of PPARa, one of the retinoid heterodimeric partners.
GADI is at chromosome 2q23-q24, immediately adjacent to,
and perhaps overlapping, the NURRI locus, also a retinoid
heterodimer. A similar mechanism may apply to DRD2, where
the point mutation of the promoter associated with schizo-
phrenia in the Japanese sample (98) may perturb the activation
of the recently identified promoter RARE (64). As with
DRD?2, it is important to determine whether the promoter
regions of other schizophrenia candidate genes contain func-
tional RAREs and heterodimeric partner response element
motifs. Such findings would indicate direct control of these
schizophrenia candidate genes by retinoid.

To my knowledge no laboratories have studied sequencing
of promoters and coding regions or differential expression of
any of the genes of the retinoid cascade in schizophrenia
samples, nor have polymorphic markers exactly flanking these
genes been used in schizophrenia linkage or association stud-
ies. To date, no studies using two-locus models with epistatic
interaction have been published, although the head of one of
the leading schizophrenia linkage laboratories has recently
recommended employing such a strategy (107).

Inview of the very modest logarithm of odds scores achieved
in all schizophrenia linkage studies to date, and considering the
heterodimeric nature of action of the retinoid nuclear tran-
scription factors, if retinoids are involved in schizophrenia, a
two-locus model, using flanking markers for RXRB at 6p21.3
or RARPB at 3p24.3 and a heterodimeric partner, e.g., PPAR«
at 22q12-q13 or NURRI at 2q22-q23, would better fit the
biological activity of the genes than the single-locus and
multipoint models that are now being used. An even more
complex model could include allelic variants of enzymes within
the retinoid cascade—e.g., LPL, which, as reported by Straub
(Chromosome 8 Workshop of the 1997 World Congress on
Psychiatric Genetics), attains the maximum logarithim of odds
score for the chromosome 8 linkage studies of the Irish
schizophrenia pedigrees. Other possibilities might include
ALDHI at 9q21 or CYP2D6 at 22ql12-q13, which encode
enzymes that catalyze the irreversible oxidation of retinal to
retinoic acid, the final and primary morphogen of the retinoid
cascade. ALDHI is normally present in the dopaminergic
areas of the brain (6), but is absent in NURR1-deficient mice
(58).

Such sophisticated modeling would involve the development
of new computerized linkage programs, but the technology is
available to support this development (107). In each case, the
models would employ the convergent loci technique, which is
suggested by the convergence of retinoid loci with schizophre-
nia linkages. Markers for retinoid cascade genes would be
selected to illuminate a suspected underlying metabolic defect
in schizophrenia. This modeling would narrow the focus of
more random genome scans and simultaneously, by employing
such specific markers, should reveal an underlying metabolic
defect in the disease.

The demonstration that retinoids are involved in the down-
stream transcriptional regulation of schizophrenia candidate
genes reveals an entirely new strategy for the treatment of this
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intractible disorder, the use of retinoid analogs. Sager ob-
served that “dys-regulated genes are at least as important
potential targets for therapy as mutated genes, and there are
many more of them. Inducing reexpression of these genes by
pharmacological intervention offers a promising approach”
(ref. 108, p. 954). This strategy would concentrate on normal-
izing the aberrant expression of genes involved in schizophre-
nia at the RNA level, rather than on seeking mutations at the
DNA level (108). For example, the acute effects of inflam-
mation caused by the liberation of arachidonic acid from
phospholipase pools have been altered by a retinoid analog,
which affects the transcriptional expression of phospholipase
A2 (81). In this respect, retinoid-induced cell differentiation
has been shown to regulate the expression of phospholipase A2
(82). Several reports have suggested that phospholipase A2
levels are abnormal in the functional psychoses (109-111). It
should also be noted that arachidonic acid is a ligand for the
PPARs, which interact as heterodimeric partners with the
RXRs to regulate the expression of multiple target genes.
Arachidonic acid itself is a target of retinoid regulation (80).
Thus, there are probably many complicated interactions in-
volving multiple transcription factors, individual promoters,
regulatory roles, cascades of regulation, and autoregulatory
feedback pathways, which would be effected by the employ-
ment of analogs for the transcriptional regulators of the
retinoid cascade for the treatment of schizophrenia.

Portions of this paper were presented at the 1997 World Congress
on Psychiatric Genetics, Santa Fe, NM, on October 21, 1997. My
gratitude goes to Arthur B. Pardee for the knowledgeable comments
and organizational skills he generously offered in his readings of this
paper. I also thank Karen Swisshelm for bringing NURR1 to my
attention, Ralph Nixon, and the helpful staff of the library at The
Nathan S. Kline Institute for Psychiatric Research.
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